Coagulation in crayfish blood is based on the transglutaminase-mediated crosslinking of a specific plasma clotting protein. Here we report the cloning of the subunit of this clotting protein from a crayfish hepatopancreas cDNA library. The ORF encodes a protein of 1,721 amino acids, including a signal peptide of 15 amino acids. Sequence analysis reveals that the clotting protein is homologous to vitellogenins, which are proteins found in vitellogenic females of egg-laying animals. The clotting protein and vitellogenins are all lipoproteins and share a limited sequence similarity to certain other lipoproteins (e.g., mammalian apolipoprotein B and microsomal triglyceride transfer protein) and contain a stretch with similarity to the D domain of mammalian von Willebrand factor. The crayfish clotting protein is present in both sexes, unlike the female-specific vitellogenins. Electron microscopy was used to visualize individual clotting protein molecules and to study the transglutaminase-mediated clotting reaction. In the presence of an endogenous transglutaminase, the purified clotting protein molecules rapidly assemble into long, f lexible chains that occasionally branch.
Vertebrate and invertebrate animals have evolved efficient molecular mechanisms to immediately form clots of blood components. This is necessary to prevent loss of blood in case of injury. All vertebrates have similar coagulation systems based on the proteolytically induced aggregation of fibrinogen into insoluble fibrin (1-3). The fibrin aggregates, which initially are noncovalently associated, are further stabilized by intermolecular covalent crosslinks formed by a proteolytically activated transglutaminase (TGase), factor XIIIa. TGases (EC 2.3.2.13) are Ca 2ϩ -dependent enzymes capable of forming covalent bonds between the side chains of specific lysine and glutamine residues on certain proteins (4) (5) (6) . Among the invertebrates, which is a more diverse group, different coagulation mechanisms seem to have evolved, and detailed information on the coagulatory mechanisms at the molecular level is lacking in most groups. One exception is the hemocyte (blood cell)-derived clotting cascade in horseshoe crabs, which has been characterized in detail (7) . This horseshoe crab (Limulus) clotting system is activated by microbial lipopolysaccharides or ␤-1,3-glucans, and it has some resemblance to the vertebrate coagulation system, as it is based on a proteolytic cascade that leads to the conversion of a soluble protein (coagulogen) into an insoluble aggregate (coagulin). However, the proteins participating in the Limulus clotting system are all from the hemocytes and are not homologous to the vertebrate plasma coagulation proteins. A TGase has been characterized and cloned from Limulus hemocytes, but it does not appear to recognize the coagulogen as a substrate (8, 9) , and its role during clotting is unclear.
The clotting reaction also is characterized at the molecular level in crustaceans, where it depends on the TGase-mediated crosslinking of a specific plasma clotting protein (CP) (10) (11) (12) (13) . The crayfish CP, cloning of which is reported in this article, has previously been biochemically and functionally characterized (12, 14) . It is a very high density lipoprotein (VHDL) (14) consisting of two identical 210-kDa subunits held together by disulfide bonds (12) . Each one of the 210-kDa subunits has both lysine and glutamine sidechains, which are recognized and become covalently linked to each other by TGases (12) . Clotting is induced when a TGase is released from hemocytes or tissue, becomes activated by the Ca 2ϩ -content in plasma, and starts crosslinking the plasma CP molecules into large aggregates. The hemocytes also contain components of the so-called prophenoloxidase activating system (proPO system), which constitutes an important part of the immediate immune response in crustaceans (15, 16) . Components of the proPO system cause degranulation and lysis of hemocytes, and as a result more proPO components and TGase are released (15, 16) . In this way, the proPO system could affect the clotting reaction by causing the release of TGase activity. However, the proPO system and the clotting reaction do not appear to share a common activation pathway, as the proPO system is activated by a proteolytic cascade [triggered by microbial polysaccharides (15, 16) ], and the initiation of the clotting reaction requires no proteolytic processing [only Ca 2ϩ , which activates the TGase (11, 12) ].
The N terminus of the lobster fibrinogen (the CP homologue in lobster) was reported to have sequence similarity to vitellogenins (VTGs) (17) , which are proteins expressed only in females of egg-laying animals [vertebrates as well as invertebrates (18) (19) (20) ]. Besides having similar functions, the CP does not appear to share any characteristics with fibrinogen or coagulogen, the proteins forming clots in vertebrate animals and horseshoe crabs, respectively. This indicates that the crayfish CP (12, 14) , and its homologues in other crustaceans (10, 11, 13, 17, 21) constitute a separate group of blood CPs.
To establish the evolutionary origin of the crustacean CPs, we have cloned the crayfish CP. Our results show that the crustacean CPs constitute a distinct group of proteins unre-
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MATERIALS AND METHODS
Animals. Freshwater crayfish, Pacifastacus leniusculus, were kept in tanks in aerated tap water. Only intermoult animals were used in the experiments.
Protein Purification and Sequencing. For protein sequencing, CP from crayfish hemolymph was isolated by precipitation at low ionic strength according to Kopacek et al. (12) . Purified CP (20 mg) was reduced, alkylated, and digested with trypsin. Tryptic peptides were isolated by anion exchange chromatography on a DEAE-Sephacel column followed by reversed phase HPLC on a Nucleosil C 18 column. The N-terminal amino acid sequences of the intact protein and internal tryptic peptides were determined on an Applied Biosystem 470A automated gas-phase sequencer.
For electron microscopy study (see below), CP was isolated by repeated KBr density gradient ultracentrifugation using a different rotor and different KBr gradients compared with the previously described procedure (14) . Ultracentrifugation tubes (13 ϫ 51 mm polyallomer Quickseal tubes, Beckman) were filled with crayfish KBr-plasma (0.445 g of KBr per ml of plasma) and centrifuged in a vertical rotor (VTi 65.1, Beckman) at 250,000 ϫ g at 10°C. After 22 h, the rotor was allowed to stop without braking (to minimize the disturbance of the formed gradients). The CP is easily identified in the KBr density gradient as it is the only VHDL in crayfish plasma and has an orange color from its carotenoid content (14) . The VHDL͞CP fraction was collected from the gradient, and its KBr content was adjusted to 0.445 g͞ml. A 2.5-ml portion of this VHDL͞CP sample was added to ultracentrifuge tubes and carefully overlayered with 10 mM sodium phosphate͞0.15 M NaCl͞1 mM EDTA, pH 7.0, containing 0.3 g͞ml KBr. A second ultracentrifugation was performed as described above, except that the centrifuge was stopped after 5 h. Again, the VHDL͞CP fraction was collected from the formed density gradient, and the KBr content was adjusted to 0.445 g͞ml. The procedure of overlaying 2.5 ml of the CP sample with 10 mM sodium phosphate͞0.15 M NaCl, pH 7.0 containing 0.3 g͞ml KBr and subjecting it to a 5-h ultracentrifugation was repeated. After this third ultracentrifugation, the collected VHDL͞CP sample was dialyzed against 10 mM sodium phosphate͞0.15 M NaCl͞1 mM EDTA, pH 7.0, and it contained pure CP, as judged by using SDS͞PAGE. Centricon 30 concentrators (Amicon) were used for concentrating the sample. The CP sample (Ϸ35 mg in 7 ml) was passed through a 0.2 m disposable sterile filter (Schleicher & Schuell) and applied to a Sephacryl S-300 HR (Amersham Pharmacia) gel filtration column (26 ϫ 600 mm, 80 ml͞hr, 2 ml per fraction). The gel filtration was performed in 50 mM Tris͞0.15 M NaCl͞1 mM EDTA, pH 8.0. Fractions which in 7.5% SDS͞PAGE under reducing conditions (22) were found to contain mainly the 210-kDa subunit and very little TGase-crosslinked aggregates that resisted reduction were used in the crosslinking assay for electron microscopy.
Crosslinking Assay. A hemocyte lysate supernatant (HLS) containing endogenous TGase activity was prepared by homogenizing the pelleted hemocytes from 15 crayfish in 1 ml of 10 mM sodium cacodylate͞10 mM EDTA, pH 7.0 as described in Kopacek et al. (12) . CP ( 435 l, 0.7 mg͞ml) in 50 mM Tris͞0.15 M NaCl͞1 mM EDTA, pH 8.0, and 5 l of HLS (2 mg͞ml protein) were mixed in plastic Eppendorf tubes. The crosslinking reaction was initiated by activating the Ca 2ϩ -dependent TGase in HLS by adding 10 l of 1 M CaCl 2 and carefully mixing the samples by pipetting. As a control with no TGase activity, 10 l of H 2 O was added to a sample instead of the CaCl 2 . The Ca 2ϩ -dependent crosslinking reaction was stopped by the addition of 50 l of 0.5 M EDTA, pH 8.0, after 15 s, 30 s, 45 s, 1 min, or 2 min at room temperature. The samples were analyzed by using electron microscopy. The ability of CP-containing samples to form stabilized clots was examined in a similar way by mixing CP, HLS, and CaCl 2 (or H 2 O in a control) as described above. After 1 h at room temperature, the presence of stabilized clots was examined by shaking and tilting the tubes.
Protein Determination. Protein concentrations were determined according to Bradford (23) , using BSA as standard.
Electron Microscopy. The samples were analyzed by negative staining, essentially according to the method of Valentine et al. (24) . A thin film of carbon was evaporated onto a piece of freshly cleaved mica. The carbon-coated mica was inserted in a solution of clotting protein (diluted to Ϸ50 g͞ml in PBS) in such a way that the carbon film partly detached from the mica and floated on the solution surface. After 30 s, the carbon film was retracted from the solution of clotting protein, floated for a few seconds on deionized water, and transferred to a 2% solution of methylamine tungstate in deionized water (pH 7.5). Subsequently, the carbon film was picked up from the tungstate solution with a 300 mesh copper grid coated with lacey substrate (Ted Pella, Redding, CA). Excess methylamine tungstate solution was removed with filter paper, after which the preparation was allowed to air dry at room temperature. Negatively stained preparations were analyzed with a Philips EM 420 electron microscope at an acceleration voltage of 80 kV.
cDNA Cloning by Using PCR. Two pairs of nested, degenerate oligonucleotide primers were designed by reverse translation of the italicized amino acids in one of the tryptic peptides, ISNTMVGEYHDELECDTRAPLPIEYTP. The first pair of primers was used to amplify genomic DNA from crayfish by using PCR. The resulting PCR products were used as DNA template in a second PCR with the second pair of nested primers. This PCR reaction resulted in a short PCR product, which was subcloned into a T vector (25) and sequenced. Beside the primer sequences, the PCR product encoded for the anticipated amino acids HDELECDTRAPL. In a similar way, by using two pairs of nested, degenerate primers designed from the italicized sequences from a second tryptic peptide, NLSYHIDDIIQHELYSVTTYDHTAINPEH, a second PCR product was obtained that contained the primers and the nucleotide sequence encoding HELYSVT-TYDH. From these two PCR products, CP-specific oligonucleotide primers were selected from both the plus and minus strands. A gt 11 cDNA library from the hepatopancreas of male crayfish (26) was amplified by PCR, using the different CP-specific primers in combination with gt 11-specific primers. Several PCR products were subcloned, sequenced, found to be CP-specific, i.e., having overlapping nucleotide sequences with the initial two short PCR products from genomic DNA and containing sequences encoding other CP tryptic peptides. A cDNA containing the coding region of the CP was established by so-called PCR walking, i.e., repeating the procedure of selecting new CP-specific primers from the most recently obtained PCR products, amplifying the hepatopancreas cDNA library by PCR with the new primers in combination with vector-specific primers, and sequencing the PCR products. This PCR cDNA consisted of nucleotides 115-6265 (Fig. 1) . The sequences of the PCR products were determined by manual DNA sequencing using the T7 sequencing kit (Amersham Pharmacia) or by using automated DNA sequencing on an ABI Prism 377 DNA sequencer (Applied Biosystems).
Cloning of CP by cDNA Library Screening. Six different PCR products were amplified from different regions of the CP PCR cDNA, labeled with 32 P by using the Megaprime labeling kit (Amersham Pharmacia), and used as probes (probes I-VI; Fig. 1 ) to screen the crayfish hepatopancreas cDNA library by plaque hybridization. The DNA from the positive plaques were digested with EcoRI, and the released cDNA inserts were subcloned into EcoRI-digested pBluescript II (SKϩ) plasmids (Stratagene). The inserts of some clones contained internal EcoRI sites present in the CP cDNA and were therefore cleaved into two or three fragments (Fig. 1) . The order of these fragments was confirmed by sequencing PCR products from the cDNA library, covering these EcoRI sites (not indicated in Fig. 1 ). The sequences of the inserts were determined by automated DNA sequencing on an ABI Prism 377 DNA sequencer (Applied Biosystems). PCR with First-Strand cDNA as Template. Total RNA was isolated from the hepatopancreas of male crayfish by using the Trizol LS reagent (GIBCO͞BRL) according to the manufacturer's instructions. mRNA was purified from the total RNA by using Quickprep Micro mRNA purification system (Amersham Pharmacia). By using mRNA as template, first-strand cDNA was synthesized with an oligo(dT) primer (22-mer) and Ready-To-Go You-Prime First-strand beads (Amersham Pharmacia). With the first-strand cDNA as template, PCRs were performed to obtain the 3Ј end with poly(A) tail by using an oligo(dT) primer in combination with a specific primer from the 3Ј untranslated region (UTR) (F2 in Fig. 1) and to obtain PCR products confirming the sequence of a gap in the cDNA obtained from cDNA clones (F1 in Fig. 1 ). The PCR products were subcloned into T vectors (25) and sequenced on an ABI Prism 377 DNA sequencer (Applied Biosystems).
Sequence Analysis. MACVECTOR 4.1.4 (Kodak) was used to analyze the obtained sequences. The presence of related sequences in the databases was examined by using the BLAST algorithm (27) .
Northern Blot Analysis. Total RNA was isolated from the hepatopancreas of male crayfish by using the Trizol LS reagent (GIBCO͞BRL). Total RNA (30 g) was separated by electrophoresis on 1% agarose gel containing formaldehyde and transferred to a Hybond N nylon membrane (Amersham Pharmacia), by using standard techniques (28) . The nylon membrane was hybridized with a radioactive CP-specific probe, 32 P-labeled using the Megaprime labeling kit (Amersham Pharmacia). Hybridization and washing were performed at 65°C. Presence of radioactivity on the membrane was examined by exposure to x-ray film for 24-48 hr.
RESULTS AND DISCUSSION
A total of 299 amino acids from the CP were determined by amino acid sequencing of the N terminus (20 residues) and tryptic peptides (14 peptides) of the protein (Fig. 2) . These sequences were used for designing degenerate oligonucleotide primers for the initial PCRs and for confirming the authenticity of the cDNA sequences later obtained.
The cDNA for the crayfish CP was established from the hepatopancreas cDNA library and hepatopancreas first-strand cDNA [synthesized with an oligo(dT) primer] by sequencing both PCR products and cDNA library clones (Fig. 1) . Three independent PCR products were sequenced to determine the nucleotide sequence in the coding region (1747-2435) not covered by cDNA library clones (Fig. 1) . The 3Ј end (nucleotides 6161-6396) was determined from two PCR products (Fig. 1) .
The cDNA for the CP consists of 6,396 nt which is comparable to an estimated size of approximately 7 kb for the CP mRNA transcript from hepatopancreas in Northern blots (data not shown). The cDNA has a 5Ј UTR of 158 nt, a 5,166-nt coding region (including the stop codon), and a 1,072-nt 3Ј UTR (Figs. 1 and 2 ). Repeated sequence motifs are found in both UTRs-three repeats of 10 nucleotides in the 5Ј UTR, and eight repeats of 49 nucleotides in the 3Ј UTR (Fig. 2 A and  C) . The functions of these repeats are not known, but they could be involved in regulating the translation and͞or stabilizing the mRNA. The 3Ј end also contains two polyadenylation signals and a poly(A) tail (Fig. 2C) .
The coding region translates into a protein of 1,721 aa, starting with a characteristic signal peptide sequence of 15 amino acids, followed by the N-terminal sequence of the CP subunit determined by amino acid sequencing (Fig. 2B) . The mature protein, consisting of 1,706 aa, has an estimated molecular mass of 193 kDa and a pI of 5.55. There are six potential N-glycosylation sites (Figs. 2B and 3) , which can account for the higher molecular mass of the CP subunit estimated from SDS͞PAGE, 210 kDa (12) . Two of the potential N-glycosylation sites (N159 and N1357) are found in peptides determined by amino acid sequencing (Fig. 2B) . No amino acid was detected in these two positions, and it is likely that both these asparagines are glycosylated.
The N terminus of the CP is very similar to the N termini of other crustacean CPs, the lobster fibrinogen (17) , and sand crayfish VHDL (13) (Fig. 4A) . We therefore assume that conclusions based on the sequence of the cloned crayfish CP are also valid for the crustacean CPs as a group. The deduced amino acid sequence of the CP displays sequence similarity to VTGs, showing highest similarity to insect VTGs (Figs. 3 and  4) . Although the overall similarity is relatively low, there are stretches distributed along the entire sequence that can confidently be aligned to the corresponding regions in VTGs (Figs.  3 and 4) . Some features, like the position of a dibasic proteolytic processing site RXRR present in insect VTGs and the spacing of the cysteines toward the C terminus (19, 20) are also found in the crayfish CP (Fig. 3) . Unlike most insect VTGs, the crayfish CP is not cleaved at the RVRR sequence (residues 344-347, Figs. 2B and 3) . The CP also lacks a poly(serine) region present in most VTGs (refs. 19 and 20; Fig. 3 ). VTGs are reported to display sequence similarity to other lipoproteins such as apolipoprotein B (29, 19, 20) , and microsomal triglyceride transfer protein (30) , suggesting that these proteins have regions with a common evolutionary origin. Toward the C-terminal end, the CP and VTGs have a cysteine-containing stretch with sequence similarity to the D domain of von Willebrand factor (vWF) in mammals (refs. 31-33; Figs. 3 and  4C) . vWF is involved in the coagulation of blood in mammals, and its D domains are important for the formation of multimers of human vWF (34, 35) .
The CP has previously been purified and characterized only from male crayfish (12, 14) . Because of its sequence similarity to the female-specific VTGs, we purified CP from plasma of female crayfish by precipitation at low ionic strength and KBr gradient ultracentrifugation. CP from males and females are both VHDLs, have the same molecular mass in SDS͞PAGE under reducing and nonreducing conditions, and have the same N-terminal sequence (11 residues determined for the female CP). Female CP also functions as a clotting protein, i.e. it forms a stabilized clot in the presence of active, endogenous TGase activity from the hemocytes. This shows that the CP is present and has identical function in both sexes. The shape of the CP molecule and the formation of crosslinked CP aggregates were examined by using electron microscopy. The pictures in Fig. 5 show negatively stained crayfish CP molecules purified by KBr gradient ultracentrifugation followed by gel filtration. CP isolated by precipitation at low ionic strength had similar shape in electron microscopy, but the preparations appeared to be more aggregated. Both triangular (Fig. 5 E1 and E2 ) and diamond-shaped (Fig. 5 E3 and  E4 ) projections of the CP particle can be recognized. The sides of the triangular projections appear to be of equal length (11.7 Ϯ 0.6 nm). The different projections most likely represent different views of the particle, suggesting that the overall shape of the CP is tetrahedral. A similar shape was described from electron micrographs of the lobster fibrinogen molecules (11) .
The TGase-dependent clotting reaction results in a timedependent, linear polymerization of CP particles (Fig. 5 A-D) .
A crayfish hemocyte lysate containing endogenous TGase activity was used to crosslink the CP molecules. Elongation of the polymers is relatively rapid, resulting in chains of 60 units or more within 60 s. During polymerization, the individual CP units seem to maintain their overall shape, as both triangular and diamond-shaped projections of the particles are recognized within the polymer chain. The association of individual units does not involve large particle surfaces. Instead, polymerized particles appear to interact at very localized points at the corners of the tetrahedrons, leaving considerable room for the deposition of stain between individual units of the chain (Fig. 5F, arrowheads) . The chains appear to be very flexible and bend randomly in different shapes (Fig. 5 C, D, and F) . Linear polymers of CP often get entangled during the electron microscope preparation, which may lead to the false impression of bidirectional branching in the electron micrograph. However, certain arrangements of CP molecules clearly suggest unidirectional branching of the polymer chain (Fig. 5 C,   FIG. 5 . Electron microscopy of crayfish CP samples. Negatively stained preparations of crayfish CP were analyzed by using electron microscopy. Proc. Natl. Acad. Sci. USA 96 (1999) and D). Because each crayfish CP subunit contains at least one lysine and one glutamine sidechain available for TGasemediated crosslinking (12) and the CP molecule consists of two identical disulfide-linked subunits, there should be a minimum of four residues-two lysines and two glutamines-available for crosslinking on each CP molecule. This makes branching of the polymerizing CP chains possible. Two stretches, which could be involved in the crosslinking, can be identified in the deduced amino acid sequence. One stretch is rich in lysine residues (amino acids 211-241, 26% lysine, Figs. 2B and 3 ) and the other stretch is rich in glutamine residues (amino acids 1124-1185, 27% glutamine, Figs. 2B and 3) . The lysine-rich stretch has a repeated lysine-containing motif, (S͞T)KT(T).
In conclusion, the crustacean CPs are the second type of clot-forming proteins in animal plasma to be characterized and cloned, besides the vertebrate fibrinogens (1-3) . The crustacean CPs are evolutionary related to VTGs, but the CPs should not be considered as true VTGs, as they have a completely different function and they are constitutively expressed in both males and females.
